The halophilic archaeon Haloferax volcanii degrades glucose via the semiphosphorylative Entner-Doudoroff pathway and can also grow on gluconeogenic substrates. Here, the enzymes catalysing the conversion of glyceraldehyde-3-phosphate (GAP) to 3-phosphoglycerate were analysed. The genome contains the genes gapI and gapII encoding two putative GAP dehydrogenases, and pgk encoding phosphoglycerate kinase (PGK). We show that gapI is functionally involved in sugar catabolism, whereas gapII is involved in gluconeogenesis. For pgk, an amphibolic function is indicated. This is the first report of the functional involvement of a phosphorylating glyceraldehyde-3-phosphate dehydrogenase and PGK in sugar catabolism in archaea. Phylogenetic analyses indicate that the catabolic gapI from H. volcanii is acquired from bacteria via lateral genetransfer, whereas the anabolic gapII as well as pgk are of archaeal origin.
The halophilic archaeon Haloferax volcanii degrades glucose via the semiphosphorylative Entner-Doudoroff pathway and can also grow on gluconeogenic substrates. Here, the enzymes catalysing the conversion of glyceraldehyde-3-phosphate (GAP) to 3-phosphoglycerate were analysed. The genome contains the genes gapI and gapII encoding two putative GAP dehydrogenases, and pgk encoding phosphoglycerate kinase (PGK). We show that gapI is functionally involved in sugar catabolism, whereas gapII is involved in gluconeogenesis. For pgk, an amphibolic function is indicated. This is the first report of the functional involvement of a phosphorylating glyceraldehyde-3-phosphate dehydrogenase and PGK in sugar catabolism in archaea. Phylogenetic analyses indicate that the catabolic gapI from H. volcanii is acquired from bacteria via lateral genetransfer, whereas the anabolic gapII as well as pgk are of archaeal origin.
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In Bacteria, glucose is degraded to pyruvate via classical Embden-Meyerhof-(EM) or Entner-Doudoroff (ED) pathways. In both pathways, glyceraldehyde-3-phosphate (GAP) is an intermediate, which is oxidised to 3-phosphoglycerate (3-PG) by two enzymes, phosphorylating GAP dehydrogenase (GAPDH) and phosphoglycerate kinase (PGK) (Fig. 1) . GAPDH catalyses the phosphate dependent oxidation of GAP to 1,3-bisphosphoglycerate (1,3-BPG), which is converted to 3-PG by PGK forming ATP via the mechanism of substrate level phosphorylation. In most bacteria both enzymes, GAPDH and PGK, are also involved in the reverse direction, that is, in the reduction of 3-PG to GAP, in the course of gluconeogenesis. However, few gram-positive bacteria, for example, Staphylococcus aureus and Bacillus subtilis and the cyanobacterium Synechocystis sp. PCC 6803 have been reported to contain two GAPDHs, that are functionally involved either in glycolysis (GapA) or gluconeogenesis (GapB) respectively [1] [2] [3] [4] [5] .
Archaea degrade sugars via modifications of EM and ED pathways that differ from the classical pathways by the presence of novel enzymes and unusual energetic features [6, 7] . These pathways also involve GAP as an intermediate, which, however, is oxidised to 3-PG by one enzymatic step catalysed either by GAP:ferredoxin oxidoreductase (GAPOR) or nonphosphorylating GAPDH (GAPN). Both enzymes catalyse the phosphate independent oxidation of GAP to 3-PG, utilising either ferredoxin or NADP + as electron acceptors. In these reactions 1,3-BPG is not formed as an intermediate and thus the reaction Abbreviations 1,3-BPG, 1,3-bisphosphoglycerate; 3-PG, 3-phosphoglycerate; ED, Entner-Doudoroff pathway; EM, Embden-Meyerhof pathway; GAP, glyceraldehyde-3-phosphate; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GAPN, nonphosphorylating GAPDH; GAPOR, GAP:ferredoxin oxidoreductase; PGK, phosphoglycerate kinase.
is not coupled with ATP synthesis via substrate level phosphorylation (Fig. 1) . GAPOR and GAPN have been characterised from several hyperthermophilic Euryarchaeota, for example, Pyrococcus furiosus and Thermococcus kodakarensis and Crenarchaeota, e.g. Pyrobaculum aerophilum, Sulfolobus solfataricus and Thermoproteus tenax [8] [9] [10] [11] [12] . Besides the genes encoding GAPOR and GAPN these archaea also contain genes that encode GAPDH and PGK. However, these enzymes were shown to function exclusively in gluconeogenesis [6, 7, [12] [13] [14] . These archaeal anabolic GAPDHs show low amino acid sequence identities to GAPDHs from Bacteria and were thus classified as two distinct types designated as GAPDH Class I (Bacteria) and GAPDH Class II (Archaea) [15] [16] [17] .
The haloarchaea Haloferax volcanii and Haloarcula marismortui have been shown to degrade glucose and fructose via the semiphosphorylative ED pathway and modified EM pathway respectively. Both pathways involve GAP as an intermediate [18, 19] . In Haloarcula vallismortis, a phosphorylating NAD + dependent GAPDH has been characterised; however, its function in sugar metabolism has not been defined [20] [21] [22] [23] . In H. volcanii, two genes were found encoding putative GAPDHs of Class I and Class II. So far, these GAPDHs from H. volcanii have not been biochemically characterised and their functional involvement in sugar metabolism has not been analysed.
In this report, we show that H. volcanii contains two functionally distinct GAPDHs, a GAPDHI (EC 1. 2.1.12) involved in GAP oxidation in glucose catabolism and a GAPDHII (EC 1.2.1.59) involved in gluconeogenesis. Furthermore, a PGK (EC 2.7.2.3) was characterised.
Material and methods

Growth of Haloferax volcanii
Growth analyses of H. volcanii strain H26 and knock-out mutants (Table S2) were performed aerobically at 42°C in synthetic medium containing either 25 mM D-glucose or D-fructose or sodium-pyruvate or 40 mM sodium-acetate or 1% casaminoacids supplemented with 50 lM uracil [18] . For complementation experiments, the knock-out mutants were transformed with pTA963 carrying the respective genes under the control of a tryptophanase promoter (see below, overexpression section). The expression of these genes was induced by 80 lM L-tryptophan. Growth was determined by measuring the optical density at 600 nm.
RNA isolation and Northern Blotting
Isolation of total RNA was performed with mid exponential growth phase H. volcanii cultures (OD 600~1 -1.5), grown on either 25 mM glucose or 1% casamino acids. RNA was isolated and DNase treated as described earlier [24] . Northern blotting was performed with 4-6.5 lg of total RNA as recently described [25] . Probes were produced with specific primers (Table S5) by PCR using digoxigenin-11-dUTP (Roche Diagnostic, Mannheim, Germany) and Taq-Polymerase (Peqlab, Erlangen, Germany) following the instructions of the producers.
Generation of knock-out mutants
Construction of knock-out mutants in H. volcanii H26 was performed using the pop-in/pop-out method [26, 27] . DNA fragments of the respective gene flanking regions were amplified and fused by PCR followed by ligation into pTA131 (Tables S3 and S4 ). Escherichia coli XL1 Blue MRF' was transformed with the resulting plasmids. The plasmids were sequenced and used for transformation of H. volcanii H26 (pop-in). Transformants were grown in uracil-free complex medium as described before [25] . For pop-out selection, clones were grown in medium containing uracil (30 lgÁmL À1 ) and 5-fluoro-orotic acid (50 lgÁmL À1 ).
For the construction (pop-in and pop-out) of DHVO_0478 (gapII) synthetic medium containing 12.5 mM glucose and 12.5 mM succinate was used. Successful deletion was verified by Southern Blot analyses (see Table S5 ). The probes were labelled as specified before (see Northern Blots). Complementation of knock-out mutants DHVO_0478 and DHVO_0481 was performed by transforming these strains with the corresponding overexpression vectors.
Homologous overexpression
The genes HVO_0478, HVO_0480 and HVO_0481 were amplified by PCR and ligated into pTA963 (Tables S3 and  S6 ). Haloferax volcanii H1209 was transformed with the resulting vectors (Table S2 ). Homologous overexpression was performed according to previously published method [28] with slight variations as follows: the starter culture was grown in Hv-YPC without L-tryptophan, the protein expression was induced at an OD 600 of~0.5 by adding 2 mM of L-tryptophan. Subsequently, the cells were grown for~16 h at 42°C and harvested by centrifugation. Purification of the recombinant proteins was performed with Nickel-nitrilotriacetic acid column and Superdex 16/60 as specified before [25] using the following modified buffers: GAPDHI, 50 mM Tris-HCl, pH 8.0, containing 1.5 M KCl and 5 mM DTE, GAPDHII, 20 mM Tris-HCl pH 8.0, containing 3.5 M KCl and 5 mM DTE and PGK, 20 mM Tris-HCl pH 8.0, containing 1.5 M KCl. To prevent GAPDHs from loss of activity 40 mM of DTE was added immediately to the protein after elution. Protein concentration was determined by the Bradford method with bovine serum albumin as standard and purity of the enzymes was analysed by SDS/PAGE.
Characterisation of GAPDHI, GAPDHII and PGK
Enzymatic activities were measured spectrophotometrically by measuring the oxidation of NAD(P)H and the reduction of NAD(P) + at 42°C and at 340 nm (e NADH = 6.2 mM NADH dependent reduction of 1,3-BPG to GAP was determined in a coupled assay using 3-PG as substrate, which was phosphorylated to 1,3-BPG by PGK from H. volcanii (see below). The assay was performed in Buffer A containing 10 mM DTE, 0.3 mM NADH, 1 mM ATP, 2 mM MgCl 2 , 3 U PGK, 15 mM 3-PG and 0.44 lg GAPDHI. GAPDHII catalysed the NAD(P)H dependent formation of GAP using 1,3-BPG as substrate. The measurement was performed using PGK from H. volcanii (see below) in 50 mM Tris-HCl pH 7.5 containing 4 M KCl (Buffer B), 0.3 mM NADPH, 40 mM DTE, 2 mM ATP, 2.5 mM MgCl 2 1.3-2 U of PGK, up to 85 lg of purified GAPDHII and 15 mM 3-PG. For the determination of V max and K m values, NADPH or NADH concentration was varied between 0.03 mM and 0.6 mM. The salt optimum was analysed in Buffer B containing 0-4 M KCl. The pH dependence was determined between 6.0 and 9.0 in 0.1 M Bis-Tris-HCl (pH 6.0-7.0) and 0.1 M Tris-HCl (pH 7.5-9.0), each containing 3.5 M KCl. GAPDHII activity was also measured in the direction of 1,3-BPG formation as described for GAPDHI (see above section) using Buffer B with 1.35-13.5 mM GAP, 0.5-2 mM NADP + and 10 mM K 2 HPO 4 .
Phosphoglycerate kinase was analysed in the direction of ATP-dependent phosphorylation of 3-PG forming 1,3-BPG in a coupled assay using pyruvate kinase (PK; Roche) and lactate dehydrogenase (LDH; Roche). The assay was performed in 50 mM Tris-HCl pH 7.5 containing 1.5 M KCl (Buffer C), 0.3 mM NADH, 2.5 mM MgCl 2 , 1 mM phosphoenolpyruvate, 2 mM ATP, 20 U PK, 30 U LDH, up to 0.2 lg of purified PGK and 15 mM 3-PG. The assay for the determination of K m and V max values of 3-PG contained up to 30 mM 3-PG and 2 mM ATP. The assay for the determination of K m and V max values of ATP contained 20 mM 3-PG and up to 2 mM ATP. The pH dependence of the enzyme was determined between pH 5.0-10.5 in 50 mM piperazine (pH 5.0-7.5 and pH 9.0-10.5) and 50 mM Tris (pH 7.5-9.0), each containing 1.5 M KCl. Salt optimum was determined in Buffer C containing 0-4 M KCl. Due to a dependency of PK on divalent cations, the measurement of cation specificity was performed with GAPDH as auxiliary enzyme. The assay was performed in Buffer C and contained 0.3 mM NADH, 1 mM ATP, 11 U GAPDH (Sigma-Aldrich), 0.1 lg purified PGK, 15 mM 3-PG and 2 mM each of MgCl 2 , CaCl 2 , CuCl 2 , CoCl 2 , FeCl 2 , MnCl 2 , NiCl 2 or ZnCl 2 .
Results
During degradation of glucose and fructose in H. volcanii, GAP is formed as intermediate. The enzymes of GAP-oxidation to 3-PG were analysed. In the genome of H. volcanii, a gene cluster was identified, which contains genes (gapI, gapII and pgk) coding for two putative GAPDHs and a PGK (Fig. 2) . DNA-microarray analyses with H. volcanii cells from casaminoacid and glucose based metabolism suggest the transcriptional upregulation of gapI (HVO_0481) and downregulation of gapII (HVO_0478) in glucose grown cells [29] .
Transcriptional regulation of gapI, gapII and pgk Transcriptional regulation of gapI, gapII and pgk was determined using Northern blot analyses. For gapI a pronounced transcript signal at 1100 nt (ORF length is 1053 nt) was detected in glucose grown cells, which was -to a significantly lesser extent -also present in casaminoacids grown cells (Fig. 3) . In contrast, a gapII specific probe revealed a 1000 nt transcript in casaminoacids grown cells, which could not be detected in glucose grown cells (Fig. 3) . The transcript length corresponds well with the length of the ORF (1068 nt). These results show an involvement of gapI in glucose catabolism and of gapII in gluconeogenesis. In contrast to transcription of gapI and gapII, similar amounts of pgk transcript were found during growth on glucose and casaminoacids indicating a constitutive expression during catabolism and gluconeogenesis (Fig. 3) . Transcript length was about 1200 nt, corresponding to the ORF length of 1206 nt.
Characterisation of glyceraldehyde-3-phosphate dehydrogenase I gapI was homologously overexpressed and the resulting recombinant His-tagged GAPDHI was purified by Ni-NTA and size exclusion chromatography. Denaturing SDS/PAGE revealed one subunit of 37 kDa (see Fig. S1 ), which is in accordance with calculated molecular mass of 38.5 kDa. The apparent molecular mass of GAPDHI determined by gel filtration was 135 kDa indicating a homotetrameric structure.
GAPDHI catalysed the phosphate dependent oxidation of GAP forming 1,3-BPG with NAD + as electron acceptor. Enzyme activity required high KCl concentrations being optimal at 2 M KCl; the optimal pH was between 8.0 and 9.0. GAPDH I activity followed Michaelis-Menten kinetics up to a GAP concentration of 3 mM. Above 3 mM GAP the enzyme showed a substrate inhibition with only 40% of the activity at 8 mM GAP. At 3 mM GAP the specific activity was 160 UÁmg À1 . For GAP a K m value of 1.22 mM was detected. The K m value for NAD + or phosphate was shown to be 0.47 and 4.5 mM, respectively. GAPDHI did not use NADP + (tested up to 5 mM) as electron acceptor. The enzyme also catalysed the reverse reaction, the reduction of 1,3-BPG with NADH forming GAP and phosphate with an apparent V max of 115 UÁmg À1 and a K m of 0.11 mM for NADH. An activity with NADPH (0.3 mM) as electron donor was not detected (Table S1 ).
To analyse the functional involvement of gapI in catabolism or gluconeogenesis, a knock-out mutant was constructed and successful deletion was confirmed by Southern blot analysis (Fig. S2) . The DgapI mutant did not grow on glucose (Fig. 4A) or fructose (not shown), whereas growth on the gluconeogenic substrates acetate and casaminoacids was not affected (not shown). The wild-type phenotype was recovered by in trans complementation of DgapI with gapI (Fig. 4A ). These data demonstrate an essential function of gapI in glucose and fructose catabolism of H. volcanii.
Characterisation of glyceraldehyde-3-phosphate dehydrogenase II
gapII was homologously overexpressed and the recombinant, His-tagged protein GAPDHII was purified. The apparent molecular mass was estimated by SDS/ PAGE and revealed a subunit size of 46 kDa (Fig. S1 ). The calculated molecular mass was 39 kDa (including the His-tag). The native molecular mass was determined as 81 kDa, which indicates a homodimeric structure of GAPDHII.
The enzyme catalysed the NADPH and NADH dependent reduction of 1,3-BPG forming GAP and phosphate. For NADPH, apparent K m and V max values were determined as 0.13 mM and 1.1 UÁmg À1 , respectively. For NADH, an apparent K m of 0.5 mM and a V max of 0.067 UÁmg À1 was shown (Table S1 ).
Thus, the catalytic efficiency (k cat /K m ) of GAPDHII for NADPH (5.38 mM À1Á s
À1
) was 63 times higher than for NADH (0.085 mM À1Á s À1 ) indicating that NADPH is the physiological electron donor. An activity of GAPDHII in the direction of GAP oxidation to 1,3-BPG could not be detected using the assay conditions described. The optimal pH of the enzyme was determined as pH 8.0, the optimal salt concentration was 4 M KCl. A total of 10% of the activity was detected at 3 M KCl (Table S1 ).
To identify the physiological role of gapII a knockout mutant was constructed (Fig. S2) . The DgapII mutant did not grow on the gluconeogenic substrates acetate (Fig. 4B) , casamino acids and pyruvate (not shown), whereas growth on glucose and fructose was not affected (not shown). The ability to grow on acetate was recovered by an in trans complementation of DgapII with gapII (Fig. 4B) . These results clearly indicate the essential function of gapII in gluconeogenesis.
Characterisation of phosphoglycerate kinase
The gene pgk was overexpressed in H. volcanii and the recombinant enzyme was purified. The molecular mass of the enzyme was determined as 42 kDa by gelfiltration. By SDS/PAGE, the subunit size was determined as 47.5 kDa (Fig. S1) , which is in accordance with the calculated molecular mass of 44.5 kDa. This indicates that PGK is a monomeric enzyme.
Enzyme activity was determined as ATP-dependent phosphorylation of 3-PG to 1,3-BPG and ADP with an apparent V max value of 275 UÁmg . Northern Blot analyses of gapI, gapII and pgk. Total RNA was isolated from mid exponential glucose (glc) or casamino acids (cas) grown cells. Northern blots were performed with probes specific for gapI, gapII or pgk. As a loading control 16 S rRNA was used. (52%), rather than by Ni 2+ and Zn 2+ (< 12%). The enzyme exhibited maximal activity at pH 6.5-9.0 and showed a broad KCl optimum between 1 and 2.5 M.
Discussion
In the present communication, the enzymes catalysing the reversible GAP conversion to 3-PG in sugar metabolism of H. volcanii were identified and characterised. The data indicate that GAPDHI has an essential function in glucose and fructose catabolism, whereas GAPDHII is involved in gluconeogenesis. For PGK, an amphibolic function in both glucose catabolism and gluconeogenesis is indicated.
Function of GAPDHI, GAPDHII, and PGK
GAPDHI was characterised as homotetrameric enzyme showing high specificity for NAD + as electron acceptor. GAPDHI catalysed a reversible GAP/3-PG conversion in vitro; however, transcriptional analyses and experiments with a knock-out mutant clearly indicate an exclusive role in glucose and fructose catabolism. This is the first functional evidence for a catabolic GAPDH in the domain of archaea.
GAPDHII from H. volcanii is a homodimeric enzyme that differs from all other GAPDHs, Class I and Class II, which were shown to be homotetramers. In contrast to GAPDHI, GAPDHII from H. volcanii was characterised as strictly gluconeogenic enzyme: (a) gapII was transcriptionally induced during growth on gluconeogenic substrates; (b) DgapII mutant did not grow on gluconeogenic substrates, whereas growth on glucose and fructose was not affected; (c) GAPDHII showed high preference for NADPH over NADH. Furthermore, PGK was characterised as amphibolic enzyme which -together with GAPDHI and GAP-DHII -is involved in both sugar catabolism and gluconeogenesis, respectively.
The oxidation of GAP to 3-PG in glucose catabolism by two enzymes GAPDH/PGK in H. volcanii differs from other sugar degrading thermophilic Archaea, in which GAP oxidation to 3-PG is catalysed by one enzyme GAPOR or GAPN. The reverse reaction in these organisms is catalysed by PGK and GAPDH showing an exclusively anabolic function in the course of gluconeogenesis [6,7,12,13].
Sequence comparison and phylogenetic analysis of GAPDHI, GAPDHII and PGK from H. volcanii
A phylogenetic relationship of GAPDHI and GAP-DHII from H. volcanii and selected characterised GAPDHs from Bacteria and Archaea is shown in Fig. 5 . Based on significant sequence differences bacterial GAPDHs (GAPDHI), functioning as either amphibolic, catabolic or gluconeogenic enzymes, and archaeal GAPDHs (GAPDHII) with exclusive gluconeogenic function constitute two distinct phylogenetic clusters.
Catabolic GAPDHI from H. volcanii showed higher amino acid sequence identity (57-67%) to Class I GAPDHs from Bacteria as compared to Class II GAPDHs from Archaea (25-31%). Furthermore, anabolic GAPDHII from H. volcanii showed higher sequence identities to Class II GAPDHs from Archaea (60-67%) than to bacterial Class I GAPDHs (23-27%). In accordance with the different degree of sequence identity the catabolic GAPDHI from H. volcanii is located within the bacterial cluster, whereas haloarchaeal GAPDHII is part of the archaeal cluster. The data clearly indicate that the first functional characterised catabolic GAPDH from archaea, that is, GAPDHI from H. volcanii, is of bacterial origin, whereas the gluconeogenic GAPDHII is part of the archaeal GAPDHII cluster.
The genome of H. volcanii contains one pgk gene, and transcriptional analysis indicates an amphibolic function of PGK in both glucose catabolism and gluconeogenesis. The recombinant enzyme was characterised as 45 kDa monomer and is thus similar to most characterised PGKs from Bacteria, Eukarya and Archaea. Characterised bacterial and eukaryal PGKs include those from Thermotoga maritima and Homo sapiens [30] [31] [32] . PGKs from Bacteria and Eukarya are amphibolic enzymes involved in both glucose catabolism and gluconeogenesis. In contrast, PGKs from archaea [33, 34] were shown to be involved in gluconeogenesis only [12, 13] . It is shown here that PGK from H. volcanii differs from other archaea in its involvement in both glycolysis and gluconeogenesis.
A phylogenetic tree based on amino acid sequence comparison of bacterial, eukaryotic and archaeal PGKs is shown in Fig. S3 . In accordance with previous phylogenetic analyses [17, 35] ), eukaryotic and bacterial enzymes form a distinct phylogenetic cluster that is clearly separated from archaeal PGKs. On the basis of sequence comparison amphibolic PGK from H. volcanii belongs to the archaeal cluster.
Blast P searches using gapI, gapII and pgk sequences from H. volcanii revealed orthologs in genomes of other The tree is based upon a multiple aminoacid sequence alignment that was generated with ClustalX using default settings [45] . Numbers at the nodes are bootstrapping values according to neighbour joining (generated using the NJ options of ClustalX). All GAPDHs included are characterised enzymes. Class I amphibolic GAPDHs: Escherichia coli (P0A9B2) and Thermotoga maritima (P17721 sugar utilising haloarchaea (Fig. 6A) , for example, of Halogeometricum borinquense, H. marismortui, Halorubrum lacusprofundi and Halomicrobium mukohatei, suggesting that these haloarchaea also contain two distinct GAPDHs involved in glucose catabolism or gluconeogenesis, and one amphibolic PGK. In Halobacterium salinarum the catabolic GAPDHI (gapI), and in Halorhabdus utahensis the gluconeogenic GAPDHII (gapII) is missing. This is in accordance with previous reports indicating H. salinarum did not utilise sugars and that H. utahensis cannot grow on gluconeogenic substrates [36] . In the genomes of sugar utilising thermophilic archaea, for example, Thermococcus, Pyrococcus, Thermoproteus and Sulfolobus, only homologs of anabolic GAPDHII and of PGK were found. The absence of catabolic GAPDHI is in accordance with the fact that in these archaea GAPDH/PGK are exclusively involved in gluconeogenesis, whereas GAP oxidation during glucose catabolism is catalysed by GAPOR or GAPN (Fig. 6B) [7, 12, 37] .
In conclusion, we have shown that in H. volcanii and other Haloarchaea, unlike in other archaea, the oxidation of GAP in glucose catabolism is catalysed by a Class I type phosphorylating GAPDH. Its close phylogenetic relationship with bacterial orthologs indicates that catabolic GAPDHI of haloarchaea is likely acquired via lateral gene transfer from bacteria. In contrast, GAPDHII involved in gluconeogenesis clusters within the archaeal Class II GAPDHs that have been shown to be exclusively involved in gluconeogenesis. PGK from H. volcanii which is involved not only in gluconeogenesis but also in glucose catabolism is closely related to PGKs of archaea.
GAP to 3-PG conversion in evolution of sugar metabolism
Current theories propose that life originated under hyperthermophilic conditions, and that the first organism, the last universal common ancestor, was a hyperthermophilic archaeon exhibiting a chemolithoautotrophic metabolism [38] . Thus, early in evolution, sugar metabolism started as gluconeogenic sequence, which includes 3-PG reduction to GAP via GAPDH/ PGK. Accordingly, hyperthermophilic archaeal H 2 dependent chemolithoautotrophs, for example, methanoarchaea or sulphur reducers, or archaea growing on organic gluconeogenic substrates, for example, haloarchaea, contain PGK and GAPDH class II.
Upon accumulation of sugars in nature [39] various sugar degradation pathways evolved independently in hyperthermophilic archaea [6, 40] . The glycolytic pathways of hyperthermophilic archaea constitute variants of the classical EM and ED pathway, in which GAP oxidation to 3-PG is catalysed via one step reactions by recruiting the enzymes GAPOR or GAPN instead of utilising the reversal of GAPDH/PGK couple.
It is shown here that haloarchaea developed a different strategy of GAP oxidation to 3-PG by recruiting a bacterial type catabolic GAPDHI in combination with archaeal type PGK operating in the catabolic direction. Phylogenetic analyses indicate that GAPDHI -in contrast to PGK-has been acquired by haloarchaea via lateral gene transfer from bacteria. This finding is in accordance with previous bioinformatic studies by Martin and coworkers [41] , proposing that the heterotrophic lifestyle of haloarchaea evolved from lithoautrophic methanoarchaea as a result of massive lateral transfer of bacterial genes.
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